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Summary 
The calcination bed size is identified as critical in the preparation of promoted sulfated 
zirconia. During the heat-up phase of the calcination procedure an exothermic glow occurs 
(oven temperature of ~ 690-850 K) and the actual temperature inside the bed can rise by more 
than 1 K/s and may exceed the oven temperature by 200 K. The presence of sulfate, or sulfate 
and Fe/Mn shifts the onset of the glow to higher temperatures. The extent of the temperature 
overshoot strongly depends on bed size (catalyst mass). The activity of promoted sulfated 
zirconia increased with increasing bed size (3 g < 12 g < 25 g) by up to 600%. 
 
Introduction 
The activity of sulfated zirconia (SZ) for the activation of alkanes is promoted by Fe and Mn 
[1]. The function of the promoters (enhancement of acidity [1], redox activity [2]) has not yet 
been clarified, and investigations are hampered by disagreement on the identification of the 
best promoter (Fe, Mn, Ni [3,4]) and on the state of the promoters (degree of dispersion, 
potential incorporation [5,6]). Seemingly disagreeing results may arise from differences in the 
investigated materials which are also known to be unsatisfactorily reproduced. Our goal was 
to identify key steps of the preparation and to improve reproducibility of promoted SZ. 
 
Experimental, Results and Discussion 
Pure and sulfated (5-6% SO3) hydrous zirconium oxide (both Magnesium Elektron) were 
dried 21 h at 383 K. Aqueous solutions of Fe(III) and/or Mn(II) nitrates were added drop-wise 
to the support under vigorous grinding to give a paste (incipient wetness method) which was 
dried at room temperature. Samples were calcined in quartz boats of 3 different sizes (2.2, 8.4, 
and 17.1 ml, in near-half-cylindrical shape) with thermocouples centered in the beds to 
monitor temperature. The boats were placed in a 35 mm diameter quartz tube which was 
purged with 200 ml/min air. The oven heating rate was 3 K/min and the holding time was 3 h 
at 923 K. Samples included x%FeSZ, x%MnSZ (weight%, x = 0.5-5.0), and FMSZ (1.5% Fe, 
0.5% Mn). Catalytic tests were performed after activation at 723 K in N2 using the following 
conditions: once-through plug-flow reactor, 500 mg sample, 338 K, 1% n-butane in N2 (p = 1 
atm), 80 ml/min total flow. Analysis was done by on-line GC (FID). 
During the heating ramp the actual temperature in the bed temporarily exceeded the oven 
temperature (glow).  Influence of sulfate and promoters in the 8.4 ml boat (Fig. 1): With pure 
hydrous zirconia, a maximum temperature overshoot of more than 200 K occurred at an oven 
temperature of 690 K. The presence of sulfate shifted the glow to 790 K and the overshoot 
was only 100 K. The glows during the calcination of 2%FeSZ, 2%MnSZ, and FMSZ were 
observed at 805, 840, and 810 K, and the temperature overshot by ca. 100 K, or 135 K in the 
case of FMSZ.  Influence of catalyst mass during calcination of 2%FeSZ and 2%MnSZ: 
Increasing the precursor mass from 3 to 12 to 25 g resulted in decreasing onset temperatures 
(more so for FeSZ than MnSZ) and increasing overshoots (>150 K at 25 g).  Catalytic results 
(Fig. 2): With increasing amounts employed 
for calcination, 2%MnSZ, 2%FeSZ, and 
FMSZ became increasingly active for n-
butane isomerization; e.g. the maximum 
activity of 2%MnSZ was 7 times enhanced 
when calcining 25 g instead of 3 g. 
Typical calcination temperatures for SZ and 
promoted SZ are 823 K and 923 K, 
respectively, and our results show that these 
temperatures may be far exceeded during the 
glow, depending on the size of the bed, and 
on the heating rate (data not shown). Packing 
and shape (surface to volume ratio) of the bed 
influence heat transfer and may also be 
critical parameters. These experimental 
details are often not reported. We could show 
that the same bed size must be used during 
calcination in order to obtain catalysts with 
reproducible activity. The promoters function 
as moderators during the calcination, with 
Mn having a stronger effect than Fe, and 
with an increasing effect with increasing 
promoter content. An additional, more 
systemic influence of the promoters becomes 
apparent: their presence alters the calcination 
chemistry, yielding a different final product. 
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Figure 1: Actual bed temperature vs. oven 
temperature during calcination of ZrO2, SZ, 2%FeSZ, 
2%MnSZ, and FMSZ. Ramp: 3 K/min; mass 12 g. 
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Figure 2: Yield isobutane vs. time on stream for 
2%MnSZ calcined in amounts of 3, 12, and 25 g.  
